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ABSTRACT: Peptide-based supramolecular hydrogels have
been comprehensively investigated in biomaterial applications
because of their unique bioactivity, biofunctionality, and
biocompatible features. However, the presence of organic
building blocks in peptide-based hydrogels often results in low
mechanical stability. To expand their practical use and range of
applications, it is necessary to develop the tool kit available to
prepare bioinspired, peptide-based supramolecular hydrogels
with improved mechanical stability. In this paper, we present
an innovative electrostatic and cross-linking approach in which
naphthyl-Phe-Phe-Cys (NapFFC) oligopeptides are combined
with gold nanoparticles (AuNPs) and calcium ions (Ca2+) to
produce peptide-based supramolecular hydrogels. We further
investigate the interactions among NapFFC, AuNPs and Ca2+

by microscopy. The morphology of the nanofibrous network
constructions and the binding forces exhibited from the
hydrogel demonstrated that the combination of two
mechanisms successfully enhanced the mechanical stability
through the formation of a densely entangled fibrous network of peptide multimers that is attributed to the AuNP linkage and
Ca2+-induced agglomeration. UV−vis spectrophotometry and fluorescence analysis were also used to demonstrate the enhanced
stability of the hydrogel under various conditions such as thermal, solvent erosion, pH value and sonication. All results indicate
that the presence of AuNPs and Ca2+ can strengthen the prepared hydrogel by more than doubling the diameter of NapFFC
nanofibers, enabling the formation of stronger frameworks and slowing the release of components. Further experiments
confirmed that HeLa cells can grow on the bioinspired NapFFC-AuNP hydrogel and exhibit high cell viability and that these cells
were killed on contact with a hydrogel containing a drug. Our peptide-based supramolecular hydrogels prepared from the
observed electrostatic and cross-linking mechanisn exhibited a significantly improved mechanical stability, making them well
suited to use as a drug carrier in hydrogel dressings and as extracellular materials (ECMs) for tissue engineering.
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■ INTRODUCTION

Hydrogels have been widely employed for the food,
pharmaceutical, cosmetics, and medicine industries. Besides
the current uses, hydrogels have potential future applications in
a broad range of medical areas, such as regenerative medicine,
tissue engineering, and drug delivery.1−3 As highly hydrated
and porous materials, they can be used as 3D scaffolds for tissue
construction and for the control of drug delivery to provide
structural integrity and tissue adhesion between a tissue and the
surface of material of interest.4,5 Recently, the study of
supramolecular hydrogels consisting of novel low-molecular-
weight materials and formed by the self-assembly of simple
monomers has rapidly expanded. Contrary to high molecular
weight hydrogelators, low molecular weight hydrogelators that

form hydrogels generally contain hydrophilic regions, which
ensure compatibility with water, and hydrophobic regions,
which drive the self-assembly of the peptides in water.6

Peptides with appropriate hydrophobicity and hydrophilicity
can self-assemble into nanofibrous architectures that sub-
sequently entangle to form the matrix of the supramolecular
hydrogel. As a new type of soft material,7 supramolecular
hydrogels have attracted considerable research interest because
of their useful properties (e.g., rapid responses to physical or
chemical stimuli, biocompatibility, and biodegradability) for
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promising applications in biomedicine.8−10 The three-dimen-
sional network of nanofibers in a molecular hydrogel is porous
and allows the incorporation of other bioactive molecules. This
makes this new type of biomaterial promising for application in
many areas11 (e.g., tissue engineering,12 drug delivery,13

biomaterials,14 bioanalysis,15 and chemical sensing16). Many
of these hydrogels are composed of naturally occurring
components such as monosaccharides, nucleic acids and
oligopeptides.17−19 The inherent biological origin of peptides
used to form hydrogels makes the hydrogels popular for
biological and medical applications, even though one such
hydrogel is inspired by peptide interactions seen in Alzheimer’s
disease.20 Peptide-based supramolecular hydrogels are advanta-
geous compared to polymeric or biopolymer gels. For example,
peptide-based hydrogels combine the advantages of synthetic
and naturally derived hydrogels. They can be easily mass
produced and combined with chemical and biological elements.
Such features allow the design of a particular sequence, as well
as the incorporation of functional groups, hence promoting the
usability and applicability of these hydrogels.21 Gazit and co-
workers demonstrated that diphenylalanine (FF) peptides self-
assembled into nanotubes and applied them as organic light-
emitting diodes.22 Xu et al. described the use of an enzyme
transformation to modulate the mode of ligand−receptor
binding, which affects the fate of cells.23 Ulijn et al. designed
three diphenylalanine analogues to support the cell prolifer-
ation of chondrocytes in cell culture.24

However, peptide-based hydrogels composed of small
organic building blocks often suffer from low mechanical
stability. Although traditional large-molecular-weight hydro-
gelators (polymeric gels, proteins and polypeptides) focus on
the covalent bond, supramolecular chemistry examines the
weaker and reversible noncovalent interactions, such as
hydrogen bonding, metal coordination, van der Waals forces,
electrostatic effects, and π−π interactions, between mole-
cules.25,26 Low molecular weight gels tend to break at relatively
low strains and are also often reversible, i.e., melting and
reforming on warming and cooling, respectively.6,27 They are
highly susceptible to mechanical destruction and solvent
erosion, which may cause structural collapse, greatly hindering
their practical application. Therefore, the development of
hydrogels with rigid structures is necessary and must be
addressed. Increasing numbers of reports have been published
on the improvement of the mechanical properties of hydrogels.
For example, cross-linking methodologies have been developed
to increase the nanofiber thickness and to densify the
nanofibrous networks, including physical,28,29 chemical,30,31

and enzymatic methods.32,33 The mechanical properties and
structural characteristics of hydrogels, such as the degree of
cross-linking and the integrity of the gels, can be modulated by

the amount and type of cross-linking. Second, metal ions mixed
with hydrogelators to form metal−organic nanocomposite
hydrogels have also attracted growing interest due to their
potential biomaterial applications.34,35 Incorporation of metal-
binding sites into the fibrous assembly structure has been
shown to produce stronger hydrogels with new function-
alities.36,37 The interaction between the metal and the organic
material arises from the carboxylate moieties, which adopt a
range of coordination modes to bridge, chelate, or perform a
combination of both. Furthermore, a range of colloidal
particles, including carbon-based nanomaterials, inorganic
nanoparticles, core−shell nanoparticles and metal/metal-oxide
nanoparticles, have been combined with the polymeric network
to obtain nanocomposite hydrogels.38−40 These nanoparticles
physically or covalently interact with the polymeric chains, and
result in a nanocomposite network with novel properties. In
addition, another approach to improve the mechanical strength
is to generate anisotropy by the alignment of the nano-
fibers.41,42 The majority of these studied methods mentioned
above relate to polymeric or macromolecular hydrogels, and
there are few research reports concerning the enhancement of
the mechanical stability of peptide-based supramolecular
hydrogels.35,42,43 In the present study, to develop a tool kit
for the preparation of bioinspired peptide-based supramolecular
hydrogels with improved mechanical stability, we propose an
electrostatic and cross-linking approach, which is based on
synthesized, cysteine-containing peptide supramolecular hydro-
gelators (NapFFC) integrated with AuNPs and calcium ions as
depicted in Scheme 1. Through the use of both metal−organic
nanocomposites and a cross-linking method, we attempted to
design supramolecular hydrogelators that possess many thiol
and carboxylic groups on the supramolecular nanofiber surface
as binding sites for the uptake of AuNPs and calcium ions. The
positively charged calcium ions induced the agglomeration of
the AuNPs, leading to the nanofiber cross-linking reaction,
which resulted in the formation of a densely entangled fibrous
network that effectively enhanced the mechanical stability of
the peptide-based supramolecular hydrogels. Encouragingly,
understanding the biomolecular interaction underlying the
gelation behavior is of key importance in affinity-based analytics
and would be conducive to the possible application of peptide-
based hydrogels as functional materials. We also investigate the
interaction of NapFFC hydrogelators and AuNPs appended to
calcium ions in the self-assembly mechanism. The stable
assembled hydrogel retains its high biocompatibility, as well as
exhibiting a high degree of physical and chemical stability. We
suggest that this favorable approach to improving the
mechanical stability of peptide-based hydrogels containing
cysteine residues could serve in a variety of technological

Scheme 1. Schematic Diagram Illustrates How the Addition of Components Leads to the Formation of a Densely Entangled
Fibrous Network Hydrogel with Enhanced Mechanical Stability
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applications in the fields of future biomimetic materials and
biotechnology.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Hydrogen tetrachloroaurate trihydrate

(HAuCl4·3H2O), phosphate buffered saline tablets (PBS), sodium
carbonate (Na2CO3), dimethyl sulfoxide (DMSO), ethanol, and
hydrochloric acid (HCl) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Sodium hydroxide (NaOH) was obtained from
SHOWA (Chemical Co., Japan). 2-(Naphthalen-6-yl)acetic acid
(Nap), L-phenylalanine (C9H11NO2), N-hydroxysuccinimide (NHS),
N,N′-dicyclohexylcarbodiimide (DCC), and L-cysteine (C3H7NO2S)
were purchased from Alfa Aesar (Ward Hill, MA, USA). Chloroform
(CHCl3) and sodium citrate dihydrate (C6H5Na3O7·2H2O) were
purchased from J. T. Baker (Phillipsburg, NJ, USA). Hydrogen
peroxide (H2O2) and sulfuric acid (H2SO4) were obtained from Merck
(Darmstadt, Germany). Dulbecco’s modified Eagle medium (DMEM)
was obtained from Biowest (Lewes, UK). Tetrazolium salt 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was
obtained from Bersing Bioscience Technology. Trypsin was obtained
from Thermo Fisher Scientific (San Jose, CA, USA). HeLa cells were
obtained from Bioresource Collection and Research Center (BCRC,
Hsinchu, Taiwan). Deionized (DI) water was purified (>18.2 MΩ cm)
using a Milli-Q water system (Millipore, Bedford, MA, USA). All other
chemicals were guaranteed or analytic grade reagents that were
commercially available and used without further purification.
Synthesis of AuNPs. Citrate-stabilized AuNPs were synthesized

using the classical Turkevich/Frens procedure.44,45 A 40 mL aqueous
solution consisting of 1 mM HAuCl4·3H2O was subject to a vigorous
boil with stirring in a conical flask, and 38.8 mM sodium citrate (5
mL) was then added rapidly to the solution. The solution was boiled
for another 15 min, during which time its color changed from pale
yellow to deep red. The solution was cooled to room temperature with
continuous stirring. The citrate-stabilized AuNPs appeared to be
nearly monodisperse, with an average size of 13.1 ± 1.2 nm.
Synthesis of the NapFFC Hydrogel and NapFFC-AuNPs

Nanocomposite. First, 2 mmol of 2-(naphthalen-2-yl)acetic acid, 2
mmol of N-hydroxysuccinimide, and 2.1 mmol of N,N′-dicyclohex-
ylcarbodiimide were mixed with chloroform with stirring at room
temperature for 4 h and the resulting precipitate was separated by
filtration. Second, 2 mmol of L-phenylalanine was dissolved in 8 mL of
water containing 4 mmol of Na2CO3. After product 2 (in Figure S1)
dissolved, 20 mL of acetone was added and the mixture was stirred at
room temperature overnight. The solvent was removed and the
residue was redissolved in 40 mL of water. Finally, the precipitate was
removed by filtration and the filtrate was adjusted to pH 3. The
precipitate was collected by filtration and dried in a vacuum. The white
powder was used to synthesize NapFF by repeating the same
procedure. After the NapFF compounds were obtained, 0.5 mmol
NapFF, 0.5 mmol N-hydroxysuccinimide, and 0.525 mmol N,N′-
dicyclohexylcarbodiimide were added into chloroform, and the mixture
stirred at room temperature for 4 h before the resulting precipitate was
collected by filtration. Next, 0.5 mmol of L-cysteine was dissolved in 2
mL of water containing 1 mmol of Na2CO3.

46 After the solution of
product 7 (in Figure S1) was added, the mixture was stirred at room
temperature overnight. The solvent was then removed and 40 mL of
water was added. Finally, the precipitated product was separated and
collected by filtration, and the filtrate was again adjusted to pH 3.
Prior to prepare the NapFFC-AuNP nanocomposites, 5 mg of

NapFFC was dissolved in a 1 M NaOH solution and small volumes of
1 M HCl were added to adjust to a pH value of 7 for applications in
the biomedical field. Finally, extra DI water was added to achieve a
final concentration of 1 wt %. The mixture was then left standing at
room temperature for 30 min before being mixed with the AuNP
solution to obtain a 0.5 wt % NapFFC-AuNP hydrogel. The NapFFC-
AuNP hydrogel was then left standing at room temperature for 1 h
before carrying out further experiments.
Physical and Structural Characterization of AuNPs and

Nanocomposite Hydrogels. Sizes of the AuNPs were verified by

scanning electron microscopy (SEM, JEOL FESEM 6700) and
dynamic light scattering (DLS, BECKMAN COULTER Delsa Nano,
USA). The morphology of the NapFFC-AuNP nanocomposites was
characterized by transmission electron microscopy (TEM, JEOL JEM
100 CX, Japan) and SEM. The chemical structure and bonding type
were analyzed by Fourier transform infrared spectroscopy (FT-IR,
PerkinElmer Spectrum 100, USA) at a resolution of 1 cm−1 using 16
scans for each sample and by NMR (Varian Unity Inova 400,
Germany). To study the interactions and mechanical stability of the
NapFFC-AuNP hydrogel, 100 μL of hydrogel was added to the
bottom of a 1.5 mL glass vial and was left standing at room
temperature for 1 h before being treated with 900 μL of various
solutions (DI water, PBS buffer or CaCl2 solution) that were added
into the glass vial. The components of the hydrogel (NapFFC and
AuNPs) were released into the solvent, and the supernatant was
collected to detect the released components. NapFFC release was
measured using a fluorescence spectrophotometer (Hitachi F-7000,
Japan) at 350 PMT voltage, with a 273.0 nm excitation wavelength;
the AuNPs were detected by UV−vis absorption spectrophotometry
(Hitachi UV-3310) with an absorption wavelength between 400 and
800 nm. Sonication tool (DC300H) used to study the effect of
hydrogel stability was purchased from DELTA TAIWAN.

In Vitro Cell Studies. The subcultured HeLa cells were
trypsinized, centrifuged, and resuspended in DMEM medium in
advance. Two hundred microliters of the NapFFC-AuNP hydrogel was
spread on half of a clean 15 cm cell culture dish to form a transparent
thin film, and the same amount of DOX encapsulating hydrogel was
also spread on the dish. After 1 h, a CaCl2 solution was added to treat
the hydrogel for 30 min before the hydrogel was washed with a PBS
buffer solution 3 times. After being prepared and treated with a CaCl2
solution, the HeLa cells were added into the cell culture dish. Ten
milliliters of DMEM supplemented with 10% fetal bovine serum and
1% penicillin-streptomycin was then added to the dish. The culture
was then incubated in a humidified atmosphere containing 5% CO2 at
37 °C. After 24 h incubation, the cell morphology was observed under
a bright microscope. The cell viability was characterized by incubating
cells with the MTT reagent for 4 h.

■ RESULTS AND DISCUSSION

Gelation Properties of the NapFFC-AuNPs Hydrogel.
In this study, to form nanocomposites with AuNPs, we
synthesized a cysteine amino acid on the terminus of NapFF to
form the compound NapFFC. Figure S1 illustrates the
synthetic route and chemical structure of NapFFC. The
NMR data (Figure S2) suggests that the chemical structure
of NapFFC synthesized via this synthetic route is successfully
obtained. Hence, we can use this compound to carry out the
follow-up experiment. As widely reported, the self-assembly of
amphiphilic peptides such as Nap-Phe-Phe-OH (NapFF), the
protected form of H-Phe-Phe-OH, have been studied
extensively.10,25,26 NapFFC can also effectively self-assemble
into nanotubes in water to form nanofibrils because of the π−π
stacking of the aromatic residues and other hydrophobic
interactions. The gelation properties of NapFFC in DI water at
pH 7.4 is shown in Figure 1A and Figure S3. The NapFFC
solution was prepared using various Nap-FFC concentrations
from 0.2 to 1.0 wt % to investigate the gelation properties.
According to the optical images, the Nap-FFC solution
remained in the liquid phase at low concentrations, but at
increased Nap-FFC concentrations, the Nap-FFC solution
became more viscous. At a concentration of 1.0 wt %, the Nap-
FFC solution formed a complete rigid hydrogel. In general,
increasing the peptide concentration leads to the formation of
an entangled fibrous network at the microscopic level, resulting
in the formation of supramolecular hydrogels on the macro-
scopic level.
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Based on the verified supramolecular properties of Nap-FFC
hydrogels, gelation of the Nap-FFC-AuNPs is discussed in
relation to the following experiments. First, AuNPs were
synthesized by a hydrothermal process and the particle size
distribution characterized by SEM (Figure S4). The AuNPs had
a mean diameter of 13.1 nm. Similar results were observed by
dynamic light scattering, with a diameter of 13.16 nm obtained
(Figure S5). The uniform AuNPs prepared were then used to
investigate the gelation properties of NapFFC-AuNPs in terms
of their organization into supramolecular entities. In this
experiment, the NapFFC powder was dissolved in DI water
([NapFFC] = 0.5 wt %, pH 7.4) and then mixed with AuNP
solutions of various concentrations (0, 120, 300, 600, 900, 1200
nM). As shown in Figures 1B and Figure S6, NapFFC-AuNP
nanocomposites are able to form hydrogels due to the self-
assembly of the NapFFC and AuNPs. The optical images
clearly show that the interaction between the AuNPs and
NapFFC resulted in increased strength and viscosity at different
AuNP concentrations (0, 120, 300, 600, 900, 1200 nM). The
viscous liquid phase and weak hydrogel was observed at low
concentrations of AuNPs (120 and 300 nM). In contrast, the
NapFFC-AuNPs formed stronger hydrogels at higher concen-
trations of AuNPs (600, 900, and 1200 nM). Thus, it can be
seen that the introduction of AuNPs can alter the gelling
properties of the NapFFC-AuNP hydrogel. This phenomenon
is a typical gelation process mediated by Au-thiol bonding and
carboxyl noncovalent interactions of stimuli-responsive supra-
molecules with AuNPs. Instead of dispersing randomly in the
hydrogel, notable evidence was found using TEM (Figure 1C)
that the AuNPs bind to the nanofibers that tend to form the
NapFFC supramolecule by self-assembly. Based on this
phenomenon, the nanofibers-AuNPs exhibited an enhanced
mechanical stability in the NapFFC-AuNP nanocomposites
because of the densely intermingled networks of cross-linked
nanofibers that are formed.
Effect of Different Solvents. Considering that the stability

of the cross-linked hydrogels often changes with the environ-
ment, the influence of the solvent was also investigated in this
work. The NapFFC-AuNP hydrogel was immersed in various
solvents (DI water, PBS and CaCl2 solution) as demonstrated
in Figure 2. The NapFFC-AuNP hydrogel was exposed to
different solvents for 10 min. The UV−vis absorption spectrum
demonstrated that numerous AuNPs were released into the DI
water, and the hydrogel was unstable and deformed (Figure 2,
inset optical image). In the PBS condition, the solid NapFFC-
AuNP hydrogel remained at the bottom of the vial in good
shape, but the optical image and UV−vis absorption spectra
(inset) indicate that some AuNPs diffused into the PBS

solution during the 10 min period of exposure. Interestingly,
the NapFFC-AuNP hydrogel maintained its shape and
produced a clear supernatant in 200 mM CaCl2, which was
in contrast with the results obtained with the other investigated
solvents. The UV−vis absorption spectrum showed that no
AuNPs were released into solution in the presence of CaCl2.
These results indicated that a stable and rigid hydrogel was
formed. The NapFFC-AuNP hydrogel exhibited excellent
mechanical properties under the CaCl2 conditions. We expect
that this observed behavior is due to the Ca2+ present in the
hydrogel, which restricts the release of negatively charged
AuNPs into solution. Therefore, this phenomenon prevents the
NapFFC-AuNP nanocomposite from detaching from the
bottom of vial, which indirectly promotes the mechanical
properties of the hydrogel.

Interaction between NapFFC-AuNPs and Calcium
Ions. In the experiments described above, the NapFFC-
AuNP hydrogel exhibited excellent mechanical properties
under CaCl2 conditions. To the best of our knowledge, this
is the first report to mention the playing role of calcium ion for
the hydrogel-based materials. Generally, calcium is one of the
most abundant cations present in living organisms. It is the
main cation present in the mineral phase of bone and is
involved in the control of many important physiological
functions, such as muscle contraction. Therefore, in this
context, whether calcium ions are the key component in the
assembly of the NapFFC-AuNP hydrogel should be clearly
investigated. First, UV−vis absorption spectroscopy was used to
determine how the concentration of Ca2+ influenced the
NapFFC-AuNP hydrogel formed. In Figure 3, the AuNPs that
modified and encapsulated the NapFFC nanofibrous hydrogel
were still released into solution at low Ca2+ concentrations
(0.02, 0.2, and 2 mM) but formed more stable hydrogels at the
bottom of the vial at high Ca2+ concentrations (200 mM). In
other words, under Ca2+-rich conditions, the solution separates
obviously, in which the dark-red gel observed is due to the
agglomeration induced by charge effect, with a transparent
supernatant (Inset). On the contrary, weak forces cannot afford
to form a stable hydrogel, and this situation results in the
release of NapFFC-AuNPs into the solution. As a result, the
stoichiometry of NapFFC-AuNP hydrogel and Ca2+-rich
conditions play an important role on mechanical property of
hydrogel-related materials.
After confirming that a high Ca2+ concentration influences

the NapFFC-AuNP hydrogel stability, microscopic observation

Figure 1. Optical images showing gelation properties of (A) 0.5%
NapFFC in DI water at pH 7.4, and (B) NapFFC-AuNPs in DI water
at pH 7.4. (C) TEM image showing the NapFFC-AuNP hydrogel
(NapFFC = 0.5%; AuNPs = 200 nM). The scale bar indicates 100 nm. Figure 2. Effect of AuNPs release from UV−vis absorption spectra of

the NapFFC-AuNP hydrogel in various solvents (CaCl2, PBS, and DI
water). The hydrogels resided at the bottom of the vial and were
inverted (optical images).
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of the supramolecular assembly was used for further
confirmation. From the microscopic perspective, the key factors
that determine the mechanical properties of hydrogels are
based on the bonding strength among the supramolecular
hydrogel components, the average thickness of the nanofibers
and the cross-linking density of the fibrous networks.43,47 To
obtain greater insight into the assembly process and stabilizing
interactions, we attempted to form a hydrogel with the addition
of AuNPs or Ca2+ to compare the width of nanofibers that
formed. As shown in Figure 4, examination of the lower critical
gelation concentration (0.5 wt %) revealed that the NapFFC
molecules self-assemble to produce uniform, long nanofibers
with diameters of 12.51 ± 3.56 nm in DI water at pH 7.4.
These nanofibers entangle to form the low density network and
afford a transparent hydrogel (Figure 4A). Using a similar
method, we prepared a NapFFC-AuNP nanocomposite
hydrogel. Figure 4B illustrates the morphology of a 0.5 wt %
NapFFC-AuNP nanocomposite with a dense fibrous structure.
The diameters of the NapFFC nanofibers were 28.76 ± 2.12
nm. There were many 13.1 nm AuNPs that adhered to the
nanofibers with a good dispersity as shown in the
aforementioned TEM image (Figure 1C). The observed
thickening of the fibers substantiates supports our speculation
that the AuNPs enhance the mechanical strength and stability
of the hydrogel effectively. The diameter of the 0.5 wt %
NapFFC nanofibers was 25.38 ± 2.34 nm after treatment with

200 mM CaCl2 (Figure 4C). Interestingly, the modification
with either the AuNPs or by the treatment with CaCl2 can
increase the diameters of the NapFFC nanofibers obtained.
Figure 4D shows the morphology of the 0.5 wt % NapFFC-
AuNP hydrogel treated with a 200 mM CaCl2 solution. Under
these conditions, both the AuNPs and CaCl2 elements were
added to the NapFFC hydrogel, and the nanofiber diameter
increased to 55.48 ± 6.27 nm. In addition, the 13.1 nm AuNPs
that adhered onto the nanofibers were conspicuously densified.
We suggest that such an observed change in the fiber diameter
in response to an increase results from a charge-induced
phenomenon. The AuNPs with negatively charged surface
(Zeta potential: −38.8 mV) aggregate due to the positively
charged calcium ions, resulting in the observed AuNP
densification and agglomeration behavior. The AuNPs that
were previously incorporated on the nanofiber surface through
a cysteine group promoted the densification of NapFFC
nanofibers upon Ca2+ treatment, which ultimately contributes
to the phenomenon of increased fiber diameters. To further
investigate the key role of calcium ions, we further examined
the calcium sites and interactions between the calcium ions and
the organic molecules by FT-IR spectroscopy. The main
mechanism of calcium interaction with organic molecules is
based on calcium coordination with the carboxylate group.
Figure 4E shows representative FT-IR spectra of pure NapFFC,
NapFFC-AuNPs, NapFFC-Ca2+ and NapFFC-AuNPs-Ca2+.
According to previous publication, they reported that the
ligand bands at 3300, 1705, 1390, 1290, and 918 cm−1 could be
assigned to O−H stretch, CO stretch, C−O stretch, and O−
H bending vibrations, respectively. The bands at 3280, 1637,
1528, and 1221 cm−1 can be assigned to the amide A, amide I,
amide II, and amide III vibrations, respectively. The band at
1690 cm−1 can be attributed to the CO vibration of the
carbamate moiety.35 However, the variation in CO
absorption occurs at 1644 cm−1 from our experiment in Figure
4E. This phenomenon is ascribed to the amide functional
groups of NapFFC; the CO group of an amide vibrates at an
lower frequency, 1640−1680 cm−1.48 As in the previous work
by Alexandre Mantion and co-workers, the amide band
positions are indicative of a β-sheet structure which also results
in the shift of CO absorption.49 IR indicates that the β-sheet
is conserved after the reaction with calcium and copper,

Figure 3. UV−vis absorption spectra of the NapFFC-AuNP hydrogel
solutions in different concentrations (0, 0.02, 0.2, 2, 20, and 200 mM)
of CaCl2. The data suggested the degree to which the AuNPs were
released, determined from the absorption maximum (A520).

Figure 4. SEM micrographs of the (A) NapFFC nanofibrous hydrogel, (B) NapFFC-AuNP nanofibrous hydrogel, (C) NapFFC nanofibrous
hydrogel immersed in 200 mM CaCl2, and (D) NapFFC-AuNP nanofibrous hydrogel immersed in 200 mM CaCl2. The pH value of each sample
was controlled at 7.4. (E) FT-IR spectra of the NapFFC carboxylate group interaction with the metal and metal ions. NapFFC (black line), NapFFC-
AuNP nanocomposites (red line), NapFFC treated with 200 mM CaCl2 (blue line), and NapFFC-AuNP nanocomposites treated with 200 mM
CaCl2 (green line), respectively.
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because the two bands at 1628, and 1533 cm−1, which are
indicative of the β-sheet, are still visible in the crystalline
precipitates. In our case, the β-sheet structure was still existed,
and the IR also shows differences between the pure peptide and
the metal complexes of NapFFC-AuNPs, NapFFC-Ca2+ and
NapFFC-AuNPs-Ca2+. After reaction of the ligand with the
AuNPs and calcium ions, the CO stretch at 1644 cm−1 and
the O−H stretch at 3300 cm−1 of the cysteine carboxylate
group disappeared. This is consistent with the interaction
between the ligand and metal ion via the carboxylic acid
moiety.50 Finally, the FT-IR spectrum suggests that the

carboxylic acid acts as a bridging unit between the metal
centers in the NapFFC-AuNP hydrogel.

Interaction Investigation of NapFFC, AuNPs, and
Calcium Ions. As indicated in the previous experiments, the
rigid hydrogel components interact with one another and have
synergistic impact on the properties of the formed hydrogel. To
explore the effect of each component on the rigid hydrogel,
including the AuNP modification of NapFFC, gold−thiol
bonding, calcium ion coordination with the NapFFC
carboxylate group, and the calcium ion inducing the AuNP
agglomeration, we investigated five conditions (Figure 5). As
indicated in Figure 5A, the influence of calcium ions alone on

Figure 5. Interaction analysis by the cumulative percentage of the NapFFC compound released and AuNPs released detected by fluorescence and
UV−vis spectrophotometry, respectively. (A) Impact of calcium ions on the NapFFC hydrogel. (B) Impact of the AuNP modification on the
NapFFC-AuNP hydrogel. (C) Impact of gold−thiol binding on the NapFFC-AuNP hydrogel. (D) Impact of the calcium ions on the NapFFC-
AuNP hydrogel. (E) Impact of calcium ion-induced agglomeration of AuNPs.
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the NapFFC hydrogel was probed. Considering the fluo-
rescence of NapFFC, the percentage released from the
NapFFC hydrogel through diffusion into the DI water was
determined. In this experiment, we added DI water and a CaCl2
solution to a 0.5 wt % NapFFC hydrogel. The fluorescence data
shows that the addition of calcium ions resulted in a 3.9-fold
reduction in the quantity of NapFFC released in a 10 min
period. As expected, the addition of calcium ions was observed
to slow the release tendency. In other words, the release
quantity was limited by enhancing the mechanical stability,
which could be attributed to the calcium ions that interact with
the carboxylate moieties the supramolecular hydrogelators
provided. To further investigate the diversity of the
components, we then explored the AuNPs. The impact of the
AuNP modification on the hydrogel is illustrated in Figure 5B.
In the case where calcium ions were added to both the
NapFFC-AuNP hydrogel and the control, it was found that the
NapFFC hydrogel with 600 nM AuNPs added exhibited a 3.6-
fold decrease in NapFFC release compared with the hydrogel
without AuNPs in a 10 min period. The NapFFC-AuNP
hydrogel was stable at the bottom of the vial, and no red color
was observed, indicating that there was no diffusion of the
AuNPs into the supernatant (see inset photograph in Figure
5B). Notably, on the basis of these results, the release behavior
exhibited a saturation, which was approached quickly after 3
min whether AuNPs were present or not. Furthermore, when
compared with the hydrogel treated with calcium ions alone,
the release percentage decreased from 16% to below 5% when
AuNPs were added. This observation demonstrates that AuNPs
play another important role in the enhancement of the
mechanical stability. In fact, there are multiple and complex
interactions between the NapFFC and AuNPs, including OH-
AuNPs, COOH-AuNPs, NH-AuNPs, and SH-AuNPs. Herein,
the SH-AuNPs (gold−thiol binding) interaction is recognized
as the most powerful force because it is covalent in nature.
Therefore, the extent of the competitive binding among various
interactions between AuNPs and the hydrogelator was also
investigated in depth. For this purpose, the NapFF peptide that
lacks the cysteine amino acid was synthesized to compare with
the NapFFC peptide; both the NapFF and NapFFC hydrogel
were mixed with AuNPs to form rigid nanocomposites as
shown in Figure 5C. As predicted, the NapFFC with gold−thiol
binding was more effective in strengthening the hydrogel and
restricting component release. The gold−thiol binding
decreased the quantity released of NapFFC by 2.9-fold in a

10 min period. This result indicates that the affinity between
the hydrogelator and AuNPs needs to be taken into account.
To summarize the above results, the calcium treatment has a
significant influence on restraining the release of NapFFC
compounds into solution; the modification of AuNPs with
NapFFC to form NapFFC-AuNP nanocomposites through
gold−thiol bonding improved the mechanical stability further.
To further explore the influence of the calcium ions on the

NapFFC-AuNP hydrogel, we determined the cumulative
percentage of AuNPs released using UV−vis absorption
spectrophotometry to examine whether any AuNPs escaped
from the prepared hydrogel. In contrast with the experiments
shown in Figure 5A, the NapFFC was modified with the
AuNPs before treating with CaCl2, instead of adding calcium
ions only. In comparison with the treatment with the CaCl2
solution and DI water, the NapFFC-AuNPs strengthened the
mechanical properties of the hydrogel without releasing
components into solution only in the presence of calcium
ions (Figure 5D). As seen in the inset photograph of Figure 5D,
the NapFFC-AuNP hydrogel without added calcium ions
diffused into the DI water and the color of the solution turned
red. This means that the interactions between the AuNP-
modified NapFFC nanofibers was not strong enough, resulting
in the diffusion of the components into the DI after 10 min.
This phenomenon demonstrates that the AuNPs make the
distance between the NapFFC nanofibers closer, but this force
is insufficient to make a robust hydrogel. In contrast, calcium
ions can help make the AuNP-modified hydrogel more stable.
However, how the calcium ions affect the need for robust
hydrogels requires discussion in detail. In the SEM image
shown in Figure 4D, we observe the AuNP densification on the
nanofiber surface after treatment with CaCl2. We suggested this
phenomenon arises because of the positively charged calcium
ions inducing the agglomeration of the surface-negatively
charged AuNPs. To investigate the impact of the calcium ions
on the agglomeration of AuNPs, we modified the AuNP surface
with Tween-20 as a protective layer in advance to prevent the
positive charge of the calcium ions from inducing agglomer-
ation. The appearance of a red color is clearly seen in the CaCl2
solution in the inserted optical image shown in Figure 5E. The
AuNPs diffused into the CaCl2 solution instead of congregating
within the hydrogel at the bottom of the vial. However, the
hydrogel still formed a rigid block, despite the release of
AuNPs. We can infer from this experiment that the induced
agglomeration reduced the release of AuNPs by 26.8-fold and

Figure 6. Thermal stability of the hydrogel in various solutions from 30 to 100 °C. (A) CaCl2, (B) PBS buffer, and (C) DI water. Each of the
experimental NapFFC-AuNP nanocomposite hydrogel samples was treated with CaCl2 for 10 min prior to immersion in the various solutions. (D)
Chart of the UV−vis absorption spectra showing AuNP release and the fluorescence spectra of the NapFFC compound in various solutions at
different temperatures.
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represents the important interaction in our proposed hydrogel.
Based on these results, the Ca2+ influences both the NapFFC
nanofiber and AuNP distribution. The calcium ions coordinate
with the NapFFC carboxylate groups as connectors, and induce
the agglomeration of AuNPs. In summary, AuNPs and calcium
ions have a mutual and synergistic impact on and interaction
with NapFFC. A rigid hydrogel is obtained only when both are
present. All of these interactions result in increasing nanofiber
widths, which is consistent with the aforementioned results
(Figure 4).
Stability of the Prepared Hydrogel under Various

Temperatures, pH Conditions, and Sonication Endur-
ance. Thermal stability is an important property of hydro-
gelators that have wide applications in a number of biomedical
fields. In this experiment, the thermal stability of the rigid
hydrogel was found to depend on the quantity of NapFFC-
AuNPs released. Figure 6 illustrates the results, in which the
NapFFC-AuNP hydrogel was treated with CaCl2 for 10 min
before being immersed in various solvents, including DI water,
PBS, and CaCl2, for a further 10 min. Optical images were then
taken (Figure 6A−C). From 30 to 60 °C, the hydrogel
maintained an almost identical appearance. When the temper-
ature exceeded 70 °C, the hydrogel contracted. The
observation of contraction effect may be attributed to the
agglomeration of AuNPs that become unstable and tend to
aggregate at high temperature. The supernatant solutions were
also examined using fluorescence and UV−vis adsorption
spectrometry. As illustrated in Figure 6D, some NapFFC was
detected above 70 °C. The aromatic−aromatic interactions
between the NapFFC molecules weakens with increasing
temperature, allowing NapFFC to diffuse into the supernatant.
However, the addition of Ca2+ to the NapFFC-AuNP hydrogel
causes an irreversible reaction, such that the diffusion was
considered to be typical due to its low proportion
(approximately 10%). In addition, after heating in a water
bath, the UV−vis absorption spectra confirmed that no AuNPs
were released as a result of treating with Ca2+ in advance; the
result is the same as that shown in Figure 2. This observation
validates the aforementioned statement concerning the
agglomeration of the AuNPs. Therefore, Ca2+ treated
NapFFC-AuNP hydrogels have good thermal stability in
different solvents below 60 °C because the Ca2+ effectively
restricts the release of the negatively charged AuNPs into
solution, which prevents the NapFFC-AuNP nanocomposite
from detaching from the bottom of the Eppendorf, which
indirectly promotes the mechanical properties of the hydrogel.
Furthermore, the Ca2+ containing solvent further interacts with
the NapFFC nanofibers and protects the rigid gel to preserve
its form at high temperatures. In addition to thermal stability,
pH stability and sonication endurance are also significant
indices of hydrogelators in application to biomedical fields. As
Figure S7 suggests, the prepared hydrogel exhibits good pH
stability in the range of 4−10 under room temperature. Despite
slight detachment from the bottom of the Eppendorf below pH
5, the NapFFC-AuNP hydrogel maintains its shape and no
AuNP in the supernatant was observed from UV−vis
spectrophotometry. In alkaline environments, the dark-red
hydrogel still performs good stability. Besides, Figure S8 reveals
the release of little amount of NapFFC and no AuNP after
exposure to the sonication for 10 min. Consequently, the
NapFFC-AuNP nanocomposite hydrogel maintains its robust-
ness regardless of which solution was used, as long as the
hydrogel was treated with Ca2+ in advance. As a result, such an

outstanding stability of the hydrogel under different rigorous
conditions confirms them suitable for biotechnological
applications.

Cytotoxicity Performance and Drug Encapsulation.
To support the use of the NapFFC-AuNP nanocomposite
hydrogel in drug delivery or in the tissue engineering field, the
biological safety of this novel material was investigated. The cell
viability test is necessary to confirm the cytotoxicity of the
NapFFC-AuNP nanocomposites. The biocompatibility of the
NapFFC-AuNP nanocomposites was evaluated as nontoxic in
human cells (HeLa cells) by MTT assays. HeLa cells were
exposed to different concentrations (20, 50, 100, 200, 500 μM)
of the NapFFC-AuNP nanocomposites for 24, 48, and 72 h. As
shown in Figure 7, after a 24 h incubation, no toxic effect was

observed on the HeLa cells at any concentration. Similar results
were observed after 48 h with near or greater than 100% cell
viability at all NapFFC-AuNP nanocomposite concentrations
tested. A small decrease was observed in the percent viability
only after 3 days of incubation. As a whole, the obtained results
demonstrate that the novel nanocomposite hydrogel material
will not be toxic in vitro.
Intrigued by the proven noncytotoxicity, we sought to study

the capability of the NapFFC-AuNP hydrogel to encapsulate
drugs in biomedical dressing applications. With similar
robustness and biocompatibility to those of extracellular matrix
(ECM), the NapFFC-AuNP nanocomposites can effectively
form rigid hydrogels that resist mechanical destruction and
solvent erosion after CaCl2 treatment. In this experiment, the
NapFFC-AuNP nanocomposite hydrogels were spread out
smoothly on the bottom of half a Petri dish (left side) with a
CaCl2 treatment and hydrogels containing the anticancer drug
DOX at concentrations of 0, 50 μM, and 100 μM were
prepared in Figure 8. Figure 8A was a control experiment. In
Figure 8B, the optical image suggests visually that there were
few surviving HeLa cells on the gel (left side), but there were
many healthy cells on the nongel area (right side).
Furthermore, on increasing the concentration of encapsulated
DOX, no surviving cells were found (Figure 8C). Conversely,
the control experiment involving HeLa cells incubated on the

Figure 7. Cytotoxicity of the NapFFC-AuNP nanocomposites in MTT
assays. The relative cell viability of HeLa cells incubated with different
concentrations (20, 50, 100, 200, 500 μM) of NapFFC-AuNP
nanocomposites for 24, 48, and 72 h. Each data point results from
at least three independent experiments.
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nanocomposite hydrogels demonstrated identical normal
growth to that of the other half of the plate without the gel
(Figure 8A). In general, the cell viability gradually decreased as
the concentration of DOX increased and the cell survival ratio
was very low when the concentration of DOX was over 5 μg/
mL (Figure S9). The obtained results imply that the cellular
toxicity toward HeLa cells incubated on the DOX encapsulat-
ing, mechanical-stability-enhanced NapFFC-AuNP hydrogel
originates from the release of DOX molecules inside cells.
Despite being incubated on one plate, the cells still survive on
the nongel area, whereas the HeLa cells cannot exist on the
hydrogel containing the DOX area. This observation confirms
that only cells attached directly to the gel can interact with the
DOX, resulting in cell death. We can speculate that the drug
molecules cannot easily diffuse into the culture medium
because they are well-captured within the hydrogel. Because
of this outstanding performance, NapFFC-AuNP nanocompo-
site hydrogels have great potential in tissue engineering. To
summarize the above characteristics, NapFFC-AuNP nano-
composite hydrogels treated with CaCl2 are effective carriers for
drug delivery and simultaneously have the potential to be
applied in future tissue engineering.

■ CONCLUSIONS
In conclusion, we have synthesized a new peptide-based
supramolecular hydrogel with cysteine (NapFFC) and report
that the addition of both AuNPs and Ca2+ to the low molecular
weight gelator results in the enhancement of the mechanical
stability of the hydrogel based on a novel electrostatic and
cross-linking approach. The NapFFC hydrogels incorporate
AuNPs, the characteristics of which were revealed by
microscopy, and these robust hydrogels exhibit a broadened
nanofibrous network derived from NapFFC linked to AuNPs.
The hydrogels also incorporate Ca2+, suggesting that the
coalescence of both metal−organic nanocomposites and cross-
linking methods efficiently promote an increase in nanofiber
thickness and densification of the nanofibrous network. The
interactions between the NapFFC, AuNPs and Ca2+ were
analyzed using optical microscopy, UV−vis, fluorescence
spectrophotometry and FT-IR clarified that the Ca2+ interacts
with the carboxylic acid of the NapFFC. Such a unique
hydrogel architecture also exhibited good stability under various
aqueous, thermal and sonication conditions. This demonstrates
that the prepared hydrogels exhibit enhanced mechanical
property due to synergistic effect. Furthermore, this peptide-
based supramolecular hydrogel with high biocompatibility
served as a carrier for drug encapsulation for an in vitro

dressing. The superior drug-encapsulating capability and release
behavior of the hydrogel makes it a promising candidate for the
future generation of bioactive nanocomposites that could be
used in drug-delivery dressings and extensively exploited in
biomedical and tissue engineering applications.
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